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(g) Methods and apparatus for confinement of a plasma etch region for precision shaping of surfaces of 
substances. 



@ A reactor 10 having a vacuum housing 30 
which encloses a plasma chamber 14 is used to 
perform local plasma assisted chemical etching 
on an etchable substrate 12. The chamber 14 is 
movable and is sized according to the removal 
material footprint desired. An rf driven elec- 
trode 22 and rf driven gas diffuser 22 have the 
same diameter as the chamber 14. The sub- 
strate 12 is mounted on a substate holder 44 
which also acts as the other electrode. The 
holder 44 is mounted on an X-Y positioning 
table 46. A reactive gas is flowed into the cham- 
ber with rf power so as to break the reactive gas 
into a plasma. The plasma chamber 14 which 
locally confines the plasma may be scanned 
over the substrate surface while the gap be- 
tween the chamber and the substrate is varied 
to yield a desired etch profile. 
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BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to a method and 
apparatus for confining a radio frequency (rf) excited 
plasma and, more particularly, to a method and ap- 
paratus for confining an rf excited plasma to a local- 
ized, well defined area of an etchable substrate so 
that non-uniformities in the substrate surface may be 
corrected. The present invention provides a means 
for shaping a substrate surface with great precision. 
It is particularly suitable for forming thin, uniform sub- 
strate layers. 

Description of the Prior Art 

Conventional process for shaping surfaces of 
substrates and, more particularly, for thinning and 
figuring surfaces and films, such as silicon-on-insu- 
lator (SOI), often employ such methods as mechani- 
cal polishing, grinding, sputtering, sand blasting and 
ion beam bombarding. Each of these prior art proc- 
esses usually have substantial processing limita- 
tions. Chemomechanical processes such as thinning, 
polishing and flattening, are contact methods which 
leave contaminants that can cause subsurface dam- 
age to a substrate. Plasma assisted chemical etching 
methods have improved upon priort art processes 
such as chemomechanical thinning because such 
plasma processes are non-contact, thus reducing the 
potential for subsurface damage. Furthermore, 
chemomechanical processes have limited capability 
to correct the thickness profile of a film because the 
ability to change the film profile is determined by the 
flatness of the underlying surface. The plasma proc- 
esses of t he present invention, on the ot her hand, can 
locally remove material depending on the measured 
film thickness at that point without contacting the 
substrate. Thus, a non-contact etching method such 
as plasma etching reduces the potential for subsur- 
face damage of the substrate. 

For optical figuring, plasma assisted chemical 
etching processes are superior to conventional, 
mechanical methods because aspherical surfaces 
may be figured as easily as spherical surfaces; re- 
moval rates can be high so that figure generation as 
well asf inal figure error correction can be readily ach- 
ieved; material removal is non-contact and does not 
create subsurface damage; and surface roughness is 
smoothed with material removal. Methods of figuring 
by plasma assisted chemical etching, and more par- 
ticularly optical figuring, are disclosed in U.S. Patent 
No. 4,668,366. This patent discloses a method and 
apparatus for figuring a surface by plasma assisted 
chemical transport by means of mounting the surface 
to processed on an electrode of a parallel plate rf driv- 
en reactor. The method disclosed passes a reactive 



gas through a chamber where an rf field is present. 
The method controls the removal rates of different 
areas of the surface by moving a relatively small sur- 
face area electrode over the surface to be processed. 

5 The time the small electrode spends at each region 
affects the etching of the surface atthat region. How- 
ever, as will be seen later, the apparatus and method 
of this invention lacks a means to precisely control the 
profile or shape of the material removal footprint. 

10 Such a means is necessary when precise error cor- 
rection of surfaces is desired. The present invention 
provides a means to control the profile of the material 
removal footprint. 

1$ SUMMARY OF THE INVENTION 

The present invention is directed to a method and 
apparatus for figuring and thinning a surface by pre- 
cisely confining a radio frequency (rf) excited plasma 

20 to a localized, well-defined area of a substrate. The 
method and apparatus of the present invention pro- 
vides a means for precisely confining the plasma to 
a local area of a substrate so that: there is no physical 
contact with the substrate by the plasma delivery 

25 means; the substrate material removed by plasma 
etching can occur at high rates; the substrate material 
removal rates and spatial removal shape are highly 
controllable and predictable; and the confined plas- 
ma can be removed over the entire surface of the 

30 substrate. 

Precise confinement of the rf excited plasma is 
accomplished by; restricting the application region of 
the field; restricting the reactive gas pressure to a re- 
gion in which a given peak rf field permits only local 

35 plasma breakdown; choosing the constituent(s) of 
the reactive gas so that the diffusion of electrons sup- 
porting the discharge are locally restricted; and/orf ill- 
ing the region in which no discharge is desired with a 
solid insulator. 

40 Production of repeatable etch rates, spatial dis- 

tributions and other etch characteristics by precise 
confinement of the rf excited plasma of the present 
invention provides a useful non-contact material re- 
moval tool that can be employed as an optical figuring 

45 tool, film thickness profiling tool, or a precision flat- 
tening and smoothing tool. The present invention pro- 
vides a means for figuring high quality optical surfac- 
es, including aspheric surfaces which are difficult to 
fabricate by conventional methods. The present in- 

50 ventlon also provides a means of fabricating silicon- 
on-insulator (SOI) wafers and structures, and a 
means for preparing uniform, flat, smooth and dam- 
age free substrates for semiconductor device fabrica- 
tion. 

55 One objective of the present invention is to pro- 

vide a means for confining an rf excited plasma to a 
well defined area. 

Another objective of the present invention is to 
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provide a non-contact material removal tool that can 
be precisely scanned over a substrate surface. 

Another objective of the present invention is to 
provide a means of controlling the characteristics of 
an etch process so as to avoid subsurface damage. 

Another objective of the present invention is to 
provide a means for optical figuring. 

Another objective of the present invention is to 
provide a means forthinning and controlling the thick- 
ness profile of films. 

Another objective of the present invention is to 
provide a means for precision flattening and smooth- 
ing of a substrate surface. 

Other objects and advantages of the present in- 
vention will become apparent to those skilled in the 
art from the following description read in conjunction 
with the attached drawings and claims appended 
hereto. 

DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a schematic diagram of a reactor system 
capable of confining a plasma etch region to a local 
area on a substrate. 

Fig. 2a shows an etch profile for an etching made 
when the gap between the substrate and the plasma 
chamber is greater than the plasma sheath width. 

Fig. 2b shows an etch profile for an etching made 
when the gap between the substrate and the plasma 
chamber is approximately equal to the plasma sheath 
width. 

Fig. 2c shows an etch profile for an etching made 
when the gap between the substrate and the plasma 
chamber is less than the plasma sheath width. 

Fig. 3 shows a comparison of etch profiles when 
different plasma etching characteristics are used with 
the present invention. 

DETAILED DESCRIPTION OF THE PRESENT 
INVENTION 

The present invention provides a non-contact 
etchable material removal tool for shaping the sur- 
face of an etchable substrate. Referring to Figure 1 , 
an apparatus for confining a plasma etch region over 
a substrate comprises a reactor 10 designed for tran- 
porting a reactive gas into a region over the surface 
of a substrate where an rf field is applied. To accom- 
plish this desired result, the reactor 10 has a plasma 
chamber 14 having walls 15 defined by a first dielec- 
tric insulator 16 and a ceiling 1 8 defined by a reactive 
gas diffuser 20. The plasma chamber 14 is the center 
of etching reactivity and thus, the first dielectric must 
be a non-contaminating material. Above the chamber 
14, an rf driven electrode 22 is affixed between the 
diffuser 18 and the first insulator 16. A reactive gas 
feed tube 24 running centrally through the first dielec- 
tric insulator 16 supplies reactive gas to the diffuser 



20 in the plasma chamber 14 during the etching op- 
eration. An rf conductor 26 connects the rf driven 
electrode 22 to an rf field power source. A second di- 
electric insulator 28 surrounds the first insulator 16 
5 and is fashioned of sufficient dimensions so as to es- 
sentially cover substrate 12 so as to prevent plasma 
formation outside of chamber 14. The components of 
the reactor 10, are enclosed in a vacuum housing 30 
comprising a first set of walls 32 extending from a 
10 base 34 to a mid-ceiling 36 and a second set of walls 
38 extending to a top ceiling flange 40. 

During operation, a vacuum is applied through a 
vacuum outlet 42 at the bottom of the vacuum hous- 
ing 30. The etchable substrate 12, located adjacently 
is below the plasma chamber 14 during etching, is sup- 
ported by a substrate holder 44 which also acts as a 
second electrode having its potential preferably at 
electrical ground. 

The substrate holder 44 is mounted to an X-Y 
20 positioning table 46 which allows precise placement 
of the localized etching reaction on the surface of the 
substrate 12. The reactor 10 has means 48 for adjust- 
ing the distance between the plasma chamber 14 and 
the surface of the substrate 12. The reactor also has 
25 means 50 to adjust the angle of the terminal end 52 
of the plasma chamber with respect to the surface of 
the substrate 12. While the embodiment described 
above provides a means for positioning the plasma 
chamber 14 with respect to the surface of the sub- 
30 strate 12, other adaptations such as permanently fix- 
ing the plasma chamber assembly and providing mul- 
ti-dimensional positioning of the substrate could be 
readily substituted. 

A bellows 54 attached between the ceiling flange 
35 40 of the vacuum housing 36 and the second dielec- 
tric insulator 28 provides a means for vacuum sealing 
the reactor 10 while the plasma chamber assembly is 
allowed relative movement within the reactor. A plur- 
ality of viewports 56 are provided for observation of 
40 the reaction. 

The basic etching operation of a plasma assisted 
chemical etching reactor 10 has been described in 
Zarowin, U.S. Pat. No. 4,668,366. However, that pa- 
tent does not disclose a means to confine a plasma 
45 l ocal ly to t he surface of t he su bstrate so t hat the pro- 
f ile of the material removal may be controlled. 

Confinement of the plasma etching to a local re- 
gion by the present invention may be accomplished 
by restricting the region of application of rf electric 
so fields; restricting the reactive gas pressure to a region 
in which given peak rf field permit only local plasma 
breakdown; choosing the constituent(s) of the reac- 
tive gas so that the diffusion of electrons supporting 
the discharge are locally restricted; and/or filling the 
55 reactor volume with a solid insulator wherever no dis- 
charge is desired. The reactor 10 shown in Figure 1 
is designed so that it may be adapted to use one or 
more of these different confining techniques. 
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Confinement of the plasma etch region by rf elec- 
tric field restriction is established by feeding the rf en- 
ergy into a region sufficiently well surrounded by an 
insulative enclosure. Referring to Figure 1, the insu- 
lative enclosure is a plasma chamber 10 fashioned so s 
as to have an opening when placed proximate to the 
etching surface characteristic of the confined plasma 
removal tool size needed to make required "error" 
corrections to the substrate 12. To generate a plas- 
ma, the depth of the plasma chamber 14 must be sig- w 
nrf icantly greater than a Debye length. The plasma 
regime investigated with the present invention has a 
Debye length on the order of 1 mm. During the etch- 
ing operation, a gap is maintained between the termi- 
nal end 52 of the plasma chamber and the substrate 1 s 
12. The terminal end 52 of the plasma chamber 14 
never contacts the substrate 12. In practice, the gap 
can be varied between 0.25 and 10 mm. 

Further restriction of the rf electric fields may be 
made by appropriately limiting the size of the rf driven 20 
electrode 22 and rf driven diffuser 20. Use of a small 
electrode with a diameter approximately equal to the 
diameter of the plasma chamber 14 effectively ach- 
ieves a confined and intense local plasma at the sur- 
face where plasma etching is to be performed . It is im- 25 
portant to limit the size of the electrode 22, or any 
electrically conductive extension of it, so that it does 
not extend beyond the plasma chamber walls 15. The 
rf driven gas diffuser 20, located adjacently below the 
electrode 22, is also limited in size so as not to extend 30 
beyond the walls 15 because the diffuser is made of 
a material that is conductive and porous and, thus, is 
part of the rf circuit. The diffuser has two functions. 
First, it functions to diffuse reactive gas into the plas- 
ma chamber, and second, it function as an extension 35 
of the rf electrode to apply the rf excitation field to the 
interior of the plasma chamber 14. Among others, 
porous silicon carbide and graphite electrodes have 
been successfully employed as diffuser materials. 

In addition to appopriate sizing of the chamber 40 
14, and limiting the size of the rf electrode 22 and dif- 
fuser 20, the rf field can be restricted by use of addi- 
tional dielectric materials. In addition to the first di- 
electric insulator 16 used as the walls 15 of the plas- 
ma chamber 14, the second dielectric insulator 28 is 45 
placed in the reactor 10 so that is surrounds the first 
insulator 16 and essentially covers the entire surface 
of the substrate 12. The second dielectric insulator 28 
primarily fills the reactor volume in regions where no 
plasma discharge is desired with a solid insulator. 50 
This volume filling within the reactor by the second in- 
sulator 28 has two effects. First, the insulator ex- 
cludes reactive gas from the region in which no plas- 
ma discharge is desired, namely the area adjacent to 
the footprint of the local plasma etching region, and 55 
second, the insulator provides a very high impedance 
path to all electrically conductive surfaces relative to 
the etching path (the path between the rf driven elec- 



trode 22, the substrate 12 at the local plasma region, 
and the substrate holding electrode 44), thus, restrict- 
ing the region of application of the rf field and plasma 
to where etching is desired. This local plasma gener- 
ation insures that the removal tool footprint is precise. 

In a preferred embodiment of the present inven- 
tion, the plasma chamber has a diameter of 1/2 inch. 
However, the diameter of the chamber may be varied 
to accommodate a removal tool footprint size neces- 
sary to perform the desired error correction. 

The plasma etch region may also be locally con- 
fined by restricting the reactive gas pressure to the 
region where the rf field permits only local plasma 
breakdown. This may be accomplished by feeding the 
reactive gas into the reactive gas feed tube 24 which 
channels the reactive gas directly to the interior of the 
plasma chamber 14 via the diffuser 20. The reactive 
gas exits the plasma chamber and etching site 
through a higher flow impedance region defined by 
the opening between the terminal end 52 of the plas- 
ma chamber and the substrate surface, into a low 
flow impedance region 38. The low flow impedance 
region 38 is pumped out by a vacuum pump (not 
shown) so that the pressure outside of the plasma 
chamber 14 is much lower than the pressure inside 
the chamber. After the rf discharge is initiated, the 
plasma region provides a lower impedance path and, 
thus, prevents the etching reaction outside of the 
footprint area. 

By carefully choosing the constituent(s) of the re- 
active gasses so that the diffusion of electrons sup- 
porting the discharge are locally restricted, the etch- 
ing region may be furt her conf i ned . Agas wit h g reater 
electronegativity attaches free electrons more rapidly 
than a gas with less electronegativity. The use of 
more electronegative gas reduces the number and 
the mobility of free electrons available for etching, 
thereby reducing their mean energy, and thus reduc- 
ing the potential for reaction outside the plasma 
chamber 14. 

As mentioned earlier, the gap between the plas- 
ma chamber 14 and the substrate 12 can be varied by 
several means. For many applications, it is not possi- 
ble to maintain a gap which is less than a plasma De- 
bye length, a length that prevents the plasma from 
diffusing out of the chamber region. Thus, by using a 
highly electronegative reactive gas, the plasma may 
be confined for high etch rates and gaps larger than 
a Debye length (approximately 2 mm). In some appli- 
cations a small percentage of an electronegative gas 
(approximately 5 %) can be suff icientto provide a well 
confined plasma. Sulfur hexaf luoride and nitrogen tri- 
f luoride are known electronegative gases which have 
sufficient electronegativity and are thus useful for 
confining the plasma etching region. 

Thus, by applying the above principles for confin- 
ing the plasma etch region, controlled local etching 
can be employed to make programmed corrections to 
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a substrate surface by localized plasma material re- 
moval. Programmed corrections are made by moving 
the position of the substrate area to be corrected un- 
der the plasma chamber 14. Movement of the sub- 
strate 12 in orthogonal directions relative to the plas- s 
ma chamber is accomplished by moving the X-Y pos- 
itioning table 46 accordingly. Referring to Figures 2a, 
2b, and 2c, the plasma etch material removal profile 
may be changed by varying the gap between the 
chamber 14 and the substrate. When the gap is small. 10 
such as 0.5 mm, the profile tends to have edges ex- 
tending vertically into a floor. The radius of curvature 
of the profile at the point where the edges are con- 
nected to the floor cannot be less than the order of 
the Debye length due to physical limitations of the is 
plasma. When the gap is large, such as 3 mm, a more 
gaussian-like profile can be maintained. Referring to 
Figure 4, for a given set of plasma parameters (reac- 
tive rf frequency, rf power, pressure and reactive gas 
constituents) and a given gap, the material removal 20 
profile can be controlled and is very repeatable. 

Thus, it can be appreciated that the present in- 
vention provides a means for precision shaping of a 
substrate. The invention is readily adapted for asphe- 
ric surfaces which are difficult to fabricate by conven- 25 
tlonal methods. This invention further provides a nov- 
el means for fabricating SOI wafers and structures, 
and for preparing any or all of the following uniform, 
thin, flat, smooth and damage free crystalline sub- 
strates for various types of semiconductor device fab- 30 
rication. 

Claims 

35 

1. A material removal tool for performing confined 
plasma assisted chemical etching reactions on 
the surface of a substrate comprising a reactor 
having: 

means for generating a local plasma etch- 40 
ing reaction at a localized region of the substrate, 
said means including, means for defining a plas- 
ma chamber cavity as wed as means for supply- 
ing a reactive gas to the plasma chamber cavity 
and for supplying rf power to said reactive gas 45 
within the plasma chamber cavity; 

means for surround ing the outer periphery 
of the plasma chamber cavity, for suppressing 
plasma generation outside of said plasma cham- 
ber cavity; and so 

means for adjusting the position of said 
plasma chamber cavity with respect to said sub- 
strate so as to adjust the position of the local 
plasma etching reaction to a different localized 
region of the substrate. 55 

2. The material removal tool of Claim 1 , wherein the 
means for supplying rf power includes a first elec- 



trode positioned within the plasma chamber cav- 
ity, and a second electrode positioned outside the 
plasma chamber cavity so that the substrate is 
positioned between the first and second electro- 
des so as to complete an electrical circuit for sup- 
plying rf powerto the reactive gas within the plas- 
ma chamber cavity. 

3. The material removal tool of Claim 1 , wherein the 
means for supplying a reactive gas to the plasma 
chamber cavity includes an electrically conduc- 
tive and porous gas diffuser. 

4. The material removal tool of Claim 1 , wherein the 
means for surrounding the outer periphery of the 
plasma chamber cavity is a second dielectric in- 
sulator extending outward from the first dielectric 
insulator so as to insulate conductive and proxi- 
mate surfaces, and thereby facilitate extinction of 
any plasma outside the plasma chamber cavity. 

5. The material removal tool of Claim 1 , wherein the 
means for adjusting the position of said plasma 
chamber cavity with respect to said substrate is 
an X-Y positioning table. 

6. A material removal tool for performing confined 
plasma assisted chemical etching reactions on 
the surface of a substrate comprising a reactor 
having: 

a housing; 

a first dielectric insulator positioned within 
the housing for defining a plasma chamber hav- 
ing a cavity for performing a local plasma etching 
reaction about a localized region of a substrate; 

means for supplying the plasma chamber 
with a flow of reactive gas; 

means for providing the reactive gas with- 
in the plasma chamber with rf power so as to gen- 
erate a plasma therein; 

a second dielectric insulator positioned 
within the housing and around the first dielectric 
insulator, said second dielectric insulator extend- 
i ng outward from t he f irst d ielectric insulator so as 
to insulate conductive and proximate surfaces, 
and thereby facilitating extinction of any plasma 
outside the plasma chamber cavity; 

means for supporting the substrate; and 

means for adjusting the position of said 
plasma chamber with respect to said substrate 
surface. 

7. The material removal tool of Claim 6, wherein the 
means for supplying rf power includes a first elec- 
trode positioned within the plasma chamber cav- 
ity, an electrically conductive rf gas diffuser, and 
a second electrode positioned outside the plas- 
ma chamber cavity so that the substrate is posi- 
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tioned between the first and second electrodes 
so as to complete an electrical circuit for supply- 
ing rf power to the reactive gas within the plasma 
chamber cavity. 

5 

8. The materia! removal tool of Claim 7, wherein the 
first electrode having upper and lower surfaces is 
positioned so that the upper surface is in contact 
with the ceiling surface of the plasma chamber 
cavity and the rf gas diffuser, having an upper 10 
and lower surface is positioned so that its upper 
surface is in contact with the lower surface of the 
first electrode. 

9. The material removal tool of Claim 8, wherein the 15 
upper and lower surface areas of the first elec- 
trode have approximately the same area and ap- 
proximately the same planar geometry as the 
surface of the ceiling of the plasma chamber cav- 
ity. 20 

10. A material removal tool for performing confined 
plasma assisted chemical etching reactions on 
the surface of a substrate comprising a reactor 
having: 25 

a housing means for carrying out a local 
plasma etching reaction including means for con- 
trolling the temperature and pressure of the en- 
vironment within the housing; 

a first dielectric insulator positioned within 30 
the housing for defining a plasma chamber hav- 
ing a cavity for performing a local plasma etching 
reaction about a localized region of a substrate; 

means for supplying the plasma chamber 
with a flow of reactive gas including a gas diffus- 35 
er; 

means for providing the reactive gas with- 
in the plasma chamber with rf powerso as to gen- 
erate a plasma therein and includes a first elec- 
trode positioned within the plasma chamber cav- 40 
ity, an electrically conductive rf gas diffuser, and 
a second electrode positioned outside the plas- 
ma chamber cavity so that the substrate is posi- 
tioned between the first and second electrodes 
so as to complete an electrical circuit for supply- 45 
ing rf power to the reactive gas within the plasma 
chamber cavity; 

a second dielectric insulator positioned 
within the housing and around the first dielectic 
insulator, said second dielectric insulator extend- so 
i ng outward from t he f irst d ielectric i nsulator so as 
to insulate conductive and proximate surfaces, 
and thereby facilitating extinction of any plasma 
outside the plasma chamber cavity, and extend- 
ing downward toward the substrate surface a dis- 55 
tance shorter than the first dielectric insulator so 
as to allow the first dielectric insulator to create a 
region of high plasma and reactive flow impe- 



dance circumferentially adjacent to a site where 
plasma etching is occuring so that plasma out- 
side the region is extinguished; 

means for supporting the substrate; and 
an X-Y positioning table means for adjust- 
ing the position of said substrate surface with re- 
spect to the plasma chamber in an orthogonal di- 
rection. 
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